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PRODUCTTON OP Hi aiANJiaiOGLOB^^ 

^ .1. ■ -INTRonrTrTTHM 

The present invention relates to the use of 
transgenic pigs: .for the production of human 
hemoglobin. The transgenic pigs of the invention ^ay 
be used .as an effioieni: and economical source of cell- 
10 free human- hemog^lobin Hhat may be used for 

transfusions and other medical applications in humans. 

' 2.i BACKGROimn pp thp T^^7■F; ^TTTnrT 

' ■-'^•2.1..; HEMOGLQRTM 
1^- -^i, oxygen absorbed through the lungs is carried 
by hemogiobi. in,.red blood cells for delivery to 

st::":: ^^^^ 

such as those- found in -the proximity of the lungs 
oxygenbinds,to hemoglobin, but is released in arias 
of low oxygen tension, where it is needed. 

Each .hemoglobin molecule consists of two 
alpha .giobin and ±wo beta globin subunits. Each 

Iron?'." "°"--^-tly associated with an 

iron.conta.ning.heme group capable of carrying an 
2^ oxygen molecule. Thus eanh ho«, i " ^ ^ 

' hemoglobin tetramer is 

capable Of, binding four molecules of oxygen. The 
subunits worx together in switching between two 
conformational states to facilitate uptaKeand release 
Of oxygen at the lungs and tissues, respectively 
30 This effect is commonly referred to as heme-heme 
interaction or cooperativity. 

The hemoglobins of many animals are able to 

interact with biologic effect-nr- 

"y-"- errector molecules that can 

further enhance oxygen binding and release. This 
35 enhancement is manifested in changes which affect the 
allosteric equilibrium between the two conformational 
states Of hemoglobin. Por example, human and pig 
hemoglobin can bind 2, 3 diphosphoglvcerate (2 3 DPG) 
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which influences the equilibrium between the two 
conformational states of the tetramer and has the net,, 
effect o^ lowering the overall affinity for oxygen at 
5. the, tissue level. , As a result, 2,3-DPG increases the 
efficiency, of oxygen delivery to the tissues. 

. _ 2.2. GLOBIN GENE EXPRESSION . , 

Hemoglobin protein is expressed in a tissue 

IQ. sp^9ific manner in red blood cells where it accounts 
for ^gproximately ninety percent of total cellular 
protein. Thus^ red blood cells, which have lost their 
nuc^-eus and all but a minimal number of organelles, 
ar^ effectively membrane-enclosed packets of 
he^p3^qbin dedicated to oxygen transfer. . , . , 
. .J- Humans and various other species produce ^ ^ 
dj^.ffe?:ent types of hemoglobin during embryonic, fetal, 
and adult developmental periods. Therefore, the 
factor? that influence globin gene expression must be 

20 able to achieve tissue specific control, quantitative 
ccMitrol , . and developmentally regulated control of , . 
globin expression. 

: , , Human globin genes are found in clusters on 
chJTOinpsomei 16 for alpha [a) globin and chromosome 11 

25 fqr beta (i3) globin. The human beta globin gene 

cluster consists of about 50 kb of DNA that includes 
one embryonic gene encoding epsilon (e) globin, two 
fetal genes encoding gamma (7) G and gamma A globin, 
and, two adult genes encoding delta (5) and bet:a {&) 

30 gipbin, in that order (Fritsch et al., 1980, Cell 
19:959-972) . 

It has been found that DNA sequences borh 
upstream and downstream of the j3 globin translation 
initiation site are involved in the regulation of j3 

35 globin gene expression (Wright et al., 1984, Cell 
Ta:263). In particular, a series of four Dnase I 
super hypersensitive sites (now referred to as the 
locus control region, or LCR) located about 50 
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examples, production of human globin 'protein^ in E, ' 
coli . . - - ' ■ 

5- • -2.4. TOANSGENIC ANIMALS 

A transgenic animal is a non-human - animal 
containing at least one foreign gene, called a 
transgene^ in its genetic material- Preferably,' the 
transgene is contained in the animal's germ line such 
xo : that it can be transmitted to the animal's offspring. 
A number of techniques may be- used to introduce the 
transgene into an animal's gertetic material^ y 
including, but not limited to, microinjection of the 
transgene into pronuclei of fertilized eggs and - - 
IS manipulation of embryonic stem cells (U. S , ^ Patent -Nov 
4/873,191 by Wagner and Hoppe; Palmiter and Brinster, 
1986, Ann. Rev, Genet, 20:465-499; French Patent' - ''^■^^ 
Applica1:ion 2593827 published August 7, 1987), 
Transgenic animals may carry the transgene ih all -"-^ 
20 their cells or may be genetically mosaic. 

Although the majority of studies have 
involved transgenic mice, other species of transgenic 
animal have also been produced, such as rabbits;^' ^'^ 
sheepv pigs (Hammer et al., 1985 , Nature 315 ;'6&0-683*) - 
25 and chickens (Salter et al., 1987 , virology 157 : J3 6- ' 
240) . Transgenic animals are currently being 
developed to serve as bioreactors for the ' production 
of useful pharmaceutical compounds (Van Brunt; 1988, 
Bio/Technology 6: 1149-1154 ; Wilmut et al., 1988,-- Hew 
20 Scientist (July 7 issue) pp. 56-59). ^ 

Methods of expressing recombinant protein 
via transgenic livestock have an important theoretical' 
advantage over protein production in recombinant 
bacteria and yeast; namely, the ability to produce 
35 large, complex proteins in which post-translational 
modifications, including glycosylation, 
phosphorylation ; subunit assembly, etc, are critical 
for the activity of the molecule. 
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"pooxq 

bid JO ui?uinq aAxq^cu jo t^nqq. upqq. jaqbXL[ Axsnoabeq.ui^ApE 
■ sx :;Bq:; '^^d e r^xqxqxa o:; sa^adde uxqoxbouiaq 
pxaqAq sxq:^ buxssaadxa sbxd oxuabsuEaq. mojij pooiq 0^ 
axoqrt' at^jj 'uxqoxb g bxd puB uxqoxb x> ueuinq sasxaduioo 
i;Bqq. uxqoxbouiaq pxaqAq p aoj sapxAoad uoxq.ueAUX 
q^uasaad aqq. . 'q.uamxpoquia . x^'^ox4xppB ub ui 

vauab. uxqoxb ei^aq bxd .aqq. jo uoxbaa ,c aq:; ao 
aaq^ouroad aqq. buxsxadmoo 'uoxbaa Aao:^exnbaa auab uxqoxb SZ 
Bq.^q :jXnpB^ 5xd aqq. asxaduioo s:;onaq.suoo aq:^ 'uox:;uaAUj 
aqq. JO s-:^uamxpoquia paaaajaad aaq:^o ui • (a^Aooaqq^Xaa 
1^ iaAxq-XuixJcd B -b-a) adAq. XT3=> ®^^T-^do-^<^dBux 

UB ux Aq.XAxq.OB aaq.ouioad uxqoxb-gf aAxqnq.Tqsuoo 
^ >oq anp saoqoBj uoxqdxaosuBaq jo uoxq.Baq.xq ao/puB OZ 
aouBX^Bquix uxeqo uxqoxb jo sqoajja snoxaaqax^p pxoAV 
oq SB OS aaqouioad auiBS aqq aapun sauab uxqoxb Bqaq 
paB ' BqdxB -UBuinq aqq aoBxd sqonaqsuoo qons ' squaurxpoqma 
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pasn aq ABui :qBqq sqonaqsuoo pxoB oxax^nu quBUxqiuooaa SX 
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. - r -uxqoxbouiaq 
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UBuinq puB bxd uaawqaq saxqxaBXT^Ts x^uoxq.ounj 
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,'sbxd ux uoxqBanqBui x^nxas puB uoxqBqsab jo spoxaad S 
^ qaoqs AxaAxqBxaa aqq (x) jo qqbxx ux 'uxqoxbouiaq 
UBUinq J JO aoanos x^^T^ouooa puB quaxoxjja AxaBxnoxqaBd 
' B SB pasn aq Abui sx^uixub qons • sauab uxqoxb UBUinq 
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:;on:iasuoo 'N (4ona:;suoo „0f3,i aqa) HOT M^T^ 
peq^oeCuToo jo HOT :^onjq.suoo (^onaq^suoo ut^z.2n 

9q^) 33 HOT q:vTJ^ paq-oaCuioo (cv)5*a^ q.onj:;suoo 
•T puB / (q.ona:;suoo uZ9Zn ^^^) 9dx:> q.onaq.suoo 0^ 
' (^onaq.suoo „ 8 32,1 ay:;) uoT:;B:;nni i^a <- sAo 
311^/ e puB 'uoT^Bq.nur bxv <- sAo' C6£/ e ' (q.onaq.suoo 
nilS^u 3m^) uoTq.^:;niu aas <-sAo t^OTo ub buxAaaeo 
£/do q.onaq.suoo T '.' (:;ona:;suoD nLZZn sM^) uoT:;B:;nui 
sAo <- Jqx'>fl» UB feuTAajBD g/do :;ona:;suoo 
•I {:;onaq.suoo ,»S8Z:i» ^> HOT M^T^ psq^oaCuxoo 

(cV)£fdaD q.onj:;suoo 'H / (nq.onj:isuoo UBTae:;AqsaJd 
UTqox6ouiatf„ aqq.)' uoTq.Bq.nm sAt <- usv soigf b 
5uTA;:aBo gfdao q.Dnjq.suoo ' D Miiqonat^suoo B>(n2TqsoA 

uxqoxBouiaq,, aqq.) uoTqBq.'nui dsv <- usv 8GXg/ 0^ 
B buxAajBo g/dacj ^Dnaqsuoo 'i 'g/doad^ qonaq.suoo 
*3 'c£/^d9 t^onjtqsuoo (qonaqsuoo „063ii aq:^) ©dgf 

q.onaqsuoo 'O <^onaq.suoD uSSTn eqr) g^do qon:iq.suoo 
•g (q.DrtJ:q.suoD ^xxii aq^) q.on:rq.suoo "V 

'saonaq'Suoo pxoB oxaxonu -quBUxquiooaH 'X ajfinbxj ST 
SSHQOIJ 3H1 iO NOIidlHOSaa ' ^' 

^ , . AqdBa6oq.Buioaqo 
umnxoD abuBqoxe uotub 3VZa Aq uxqcx^ouiaq 
bxd uiojj paq^B^Bde^ aq Abut uxqox^ouiaq UBUinq 'uoxquaAux 0"^ 
aqq jo q^uauixpoquia peaaajaad b uj -uxqoxBouieq 
6xd mojLj uxqoxBoiuaq UBuinq saqBJBdas Axx^Tl-U^^sqns qBqq. 

aanpaobad uoxqBOXjX-ind b oq sxxao pooxq paJ aqq. jo 
squaquoo' pasBaxa:! aqq BuxqoaCqns (ax) puB .'sxxao pooxq 
paa paq.oaxTo^ aqq. jo sq^u^quoo aqq buxseaxa^ (TTT) 'f>xd S 
oxuafesuBJtq aqq. uioa^ sxxao pooxq pa^ 5uxq.DBXXO^ (TT) 
/sxxao pooxq pa^ sqt auios qsBax qe ux uxqox5oiuaq 
UHuinq sessaadxB qsqq Bid oxuabsuBaq. b aq^BBjo oq. 
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"339" construct) ; 5. Construct. ap/S carrying an- 
a75 Asp -> Cys .mutation (the "340" construct) ; T, 
Construct ap/S parrying an a42 Tyr -> Arg mutation 
5 (the "341" construct) U. Construct LCR e0aa (the 

"343" construct); V. Construct LCR epa (the "347" 
construct); W. Construct ap^ carrying an a42 Tyr 

Lys mutation; X. Construct ap^S carrying an a4 2 
Tyr -> Arg mutation r and a!j899 Asp -> Glu : 
10 mutation; Y. Construct otp/S carrying an a42 Tyr -> 

Lys mutation; and.a./399 Asp -> Glu mutation. 
Figure 2. Transgenic . pig, , i 
Figure 3,, Demonstration : of h.uman hemoglobin 

expression in transgenic pigs. A. Isoelectric 
15 focusing ge.l analysis. -B.,- Triton-acid urea gel 

of . hemolysates, of\< red blood , <:ells representing 
human blood (lane ,-1) ; ;bloo,d..:f rem transgenic pig 
,12-1 (Iar\e 2) ,r9^3, (I^ub 2} , ar\di 6-3 (lane 4); 
and pig blood M^ne^ &).: shqws runder-expression of 
20 • . human ^ globin relative = to .human a globin in the 
transgenic animal-s , - 
Figure 4. Separation of human hemoglobin and pig 

hemoglobin by DEAE .chromatography. A. Hemolyzed 
mixture of human and, pig red bloq^i cells; B. 
25 Hemolysate ^ of , red blood cells collected' from 

transgenic pig :6-3 ^,;C. Human and mouse 
hemoglobin '.do pot separate, by DEAE chromatography 
under these conditions* D, Isoelectric focusing 
of human hemoglobin .purified from pig hemoglobin. 
30 Figure 5, Isoelectric focussing gel of reassociated 
pig hemoglobin (lane 1) ; reassociated pig/human 
hemoglobin mixture (lanes 2 and 4) ; reassociated 
human hemoglobin (lane 3); and transgenic pig 
hemoglobin (lane 5) . 
35 Figure 6. Separation of human hemoglobin by QCPI 
chromatography. 
Figure 7, Oxygen affinity of rransgenic hemoglobin. 
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Figvre ;8 . QNA , sequence of the pig adult beta globin 
gene , regulatory region, including the promoter region. 
Sequence extending to 869 base pairs upstream of the 
5 ATG initiator codon (boxed) of the pig beta globin 
gene is shown.. The position of the initiation of 
mRNA, the cap site, is indicated by an arrow. The 
sequences corresponding to GATA transcription factor 
binding, ^ites are underlined. 
10 Figure 9.., Comparison of pig (top) and human (bottom) 
beta globin regulatory sequences. Differences in the 
two sequences ^ are marked by asterisks. 
Figure 10. , qre^ph depicting the percent homology 
between pig and human adult beta globin gene 
15 . ; .^^g^latpry sequences, with base pair distance 

-from .the initiator codon mapped on the abscissa. 
A comparison jDf mouse and human sequences is also 
shown (dotted line with error bar) . 
Figure 11,.^ of plasmid pgem5/Pig)3Pr (k) which . 

20 <^.ont.ains the DNA sequence depicted in Figure , 8. 

Figure 12- Representation of the 339 and 354 

cassettes for the production of human hemoglobin 
, in transgenic pigs. 
Figure 13.- Map of plasmid pSaf /Pige (k) , containing 
25 M. the pig € gene. 

Figure 14. , Representation of the 426 and 427 

expression cassettes for the production of e^** 
^huiTun ^j^^ ^hunun hemogloblns in transgenic pigs. 
Figure 15. Is.o-electric focussing gel of hemoglobin 
30 produced by transgenic pig 70-3, which carries 

the 339 construct, and by transgenic pig 6-3, 
which carries the 116 construct. Human 
hemoglobin is run as a standard. 
Figure 16. Map of plasmid pig3'^ containing the 
35 3'_end of the pig beta globin gene. 

Figure 17. Transgenic pigs obtained from construct 
"339" (See Figure IR) . Levels of human 
hemoglobin expression and copy number are shown. 
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Figure- 18. Isolelectrio focussing gel of hemoglobin 
levels in transgenic pigs obtained using 
construct "339". 
5 Figure 19. Isoelectric focussing gel demonstrating 

levels of hemoglobin expression in representative 
transgene positive 38^4 offspring carrying the 
. "185" construct (or ap0 construct; see Figure 
- IB) . . - . -r. ; 

xo Figure 20. Molecular modeling of hybrid human a/pig ^ 
and human a/human /3 hemoglobin molecules. (3 
subunits are in blue,: ot subunits in red. Above 
the middle helix af the /3 human (blue) one can 
see a gap in the green contour .(see arrow) . In 
15 the hybrid this gap is filed dn. ..This difference 

is due to a change at j3ll2 Cysr—>Val where 
Valine contributes , to greater hydrophobic 
interactions. ^ . ^ . - 

Figure 21. Molecular modeling demonstrating the 
20. differences, at the a, jSj interlace between a jS 

globin containing Gys at position 112 (the yellow 
molecule) and a j3 globin with Val at position 112 
(the white molecule) . . Cys^ is., yellow, Val is 
white and the opposing a interface , is red. . Val 
25 is flexible. One- arm of its branch can easily 

- mave for a nearly perfect fit against the a 
subunit residues. The yellow Cys is slightly 
further allowing for a small gap (see arrow) . 
Biosyn's standard default Van der.Waal^s distance 
30 was used. 

Figure 22, Purification of Hb Presbyterian from 

transgenic pig hemosylate. 
Figure 23. Characterization of purified Hb 

Presbyterian by HPLC showing separation of the 
35 heme moiety, pig a globin ("p alpha") , human beta 

globin ("h beta"), human alpha globin ("h alpha") 
and pig beta globin ("p beta"). 
Figure 24. Oxygen binding curve for Hb Presbyterian. 
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Figure 25. -Purification of Hb^Yoshizuka from 

- transgenic pig ;hGmolysate. 

1 . . ■ ■ - ■ - ... " i 

5 5. DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides for a method 
of producing human hemoglobin that utilizes transgenic 
pigs, novel globin'-encoSing nucleic acid constructs, 
and transgenic pigs" that express human hemoglobin. 
For purposes of clarity of description, and not by way 
of limitation, the detailed description of the 
invention is divided into the following subsections : 

(i) ■ preparation of globin gene constructs; 

(ii) preparation of transgenic pigs; 

2^5 ^^(iii) preparation"' of human hemoglobin and 

• - its separation from pig hemoglobin; 

and 

(iv) ^ ' preparation of human/pig hybrid 

- - ■■ ' hemoglobin. ^ ' " 

5,1. PREPARATION- OF GLOBIN GENE CONSTRUCTS 

- The present invention provides for a method 
of producing hum^n^ glob^in and/ or hemoglobin in 
transgenic pigs'. Human hemoglobin is defined herein 

25 to refer to hemoglobin formed by -globin chains encoded 
by human g^Lob in genes (including alpha, beta, delta, 
gamma, epsilon and zeta genes) or- variants thereof 
which are naturally occurring or the products of 
genetic engineerings - Such variants are at least about 

3 0 ninety percent homologous in amino acid sequence to a 
naturally occurring human hemoglobin. In preferred 
embodiments, the human hemoglobin of the invention 
comprises a human alpha globin and a human beta globin 
chain. The human hemoglobin of the invention 

35 comprises at least two different globin chains, but 
may comprise more than two chains, ro form, for 
example, a tetrameric molecule, octameric molecule, 
etc. In preferred embodiments of the invention, human 
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hemoglobin consists of two human alpha globin chains 
and two human beta -globin chains. As discussed' infra, 
the present invention also provides for hybrid 
5 hemoglobins comprising human a globin and pig ^ 
globin. i ' 

^According to particular embodiments of the 
present invention/ at least one human globin gene, 
such as-a'^human jalpha and/or a human beta globin gene, 

10 under tlie^cdntrol of a suitable promoter or promoters, 
is inserted 1 into I the genetic material of a pig so as 
to/ create* a transgenic pig that carries human globin 
in- at least: some ;Cf its red blood cells. This 
requires the preparation of appropriate recombinant 

3^5 nucleiC' acid isequences . in preferred embodiments of 
the invention, : both human a and human j3 genes are 
expressed^ fln= an alternative embodiment, only human a 
giobin-'Or human jS globin is expressed. In further 
embodiments /.'human embryonic or fetal globin genes are 

20 expressed > or j are used as developmental expression 
regulators of adult genes. 

^Human alpha and beta globin genes may be 
obtainedi f rom publicly available clones, e.g. as 
described in Swanson et al., 1992, Bio/Technol. 

25 i02557-559v Nucleic acid sequences encoding human 

alpha and .beta globin proteins may be introduced' into 
an. animal via two different species of recombinant 
constructs, one which encodes human alpha globin, the - 
other encoding human beta globin; alternatively, and 

30 preferably, both alpha and beta-encoding sequences may 
be comprised in the same recombinant construct. The 
pig epsilon globin gene is contained in plasmid 
psaf/pig € (k) (Figure 13), deposited with the ATCC 
and assigned accession number 75373. 

35 , i A suitable promoter, according to the 

invention, is a promoter which can direct 
transcription of human alpha and/or beta globin genes 
in red blood cells. Such a promoter is preferably 



lo 



35 



" o/:'' Jr: ^'"^^-t^y t ^ 
4:rr-' --»t:r r -e::^" 
9en«, ° Place "-"''y, it-- " '^kain 
'order + ""'--oi 0, "''"^ aw 

'"'"titan ^ ''»e j„ ^ "POa 

^' irif^J . '^^"^^enie p^.^ ^Jj^^^" used to 

°'^i'nent of th ■ ^^^^cuia^. „ 

^""'^^^ (also ter. '°"'^^^ct •^'^t; 3, 



30 



wo 93/25071 



-15 - 



PCr/US93/05629 



Figure IB) may be us«d; ' Such ^ construct has the 
advantage af placing both alpha and beta globin- 
eTiCoding sequences under the control of the same 
5 promoter (the alpha globin promoter). 

In another particular, non-limiting 
embodiment of the invention, -a construct coding for 
di-alpha globin like polypeptides may be introduced to 
form transgenic pigs ^hat produce human hemoglobins 
Vith decreased dimferization and an increased half-life 
(WO Patent 9013645)* . - - 

In yet another particular, non-limiting 
embodiment of the invention, a construct comprising 
^the human" adult alpha globin and epsilon globin gene, 
15 the pig -beta globin gene control region and the human 
beta globin g^ne' '(the "339" construct, see Figure IR) 
may be used*. ^ ; i * ^ 

^- Furthermore, the incorporation of a human or 
pig epsilon globin gene inl:o the construct may 
ZXi facilitate the production of high hemoglobin levels. 
The pig epsilon globin gene may permit correct 
developmental regul<ttion of the adult 0 globin gene- 
High levels of expression of introduced adult alpha 
globin gene (s) may ^result ■ in chain imbalance problem 
23 during intraruterine developmeTit of a transgenic pig 
embryo' (because an adult beta globin gene in the 
construct would not yet be expressed) thereby 
compromising the viability^of the embryo. By 
providing high levels of embryonic globins during 
30 development, the viabirity of such embryos may be 

improved. The pig epsilon globin gene, as contained 
in plasmid pSaf/Pige, deposited with the ATCC and 
assigned accession number 75373, is shown in Figure 
13.- 

35 ' The present invention, in further specific 

embodiments, provides for (i) the construct 0pct , in 
which the human alpha and beta globin genes are driven 
by separate copies of the human beta globin promoter 
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(Figure IC) ; .(ii) the ep^^pa construct, which , 
comprises., human , embryonic genes zeta and epsilon under 
the, control, of the epsilon promoter and both alpha and 
5 beta genes , under the control of the beta promoter 
(Figure ID) ; (iii) the fpeotpiS construct, which 
comprises human embryonic genes zeta and epsilon . under 
the control of the zeta promoter and both alpha and 
beta> genes >'under the control of the alpha promoter 

XO "K'Figure^jiE) ; (iv) the otpiS construct carrying a 

mutation that results in an aspartic acid residue 
^rather than an asparagine residue) at amino acid : 
number. 108 of {3 globin protein, to produce hemoglobin 
•Yoshizuka (Figure IF, construct "294"); (v) the crp/S 

jjS const rjact carrying a mutation- that results in a ly^sine 
residue (rather than an asparagine residue) -at amino 
acid.. jjcunber 108 of jS-globin protein, to produce 
liemoglobin. Presbyterian (Figure IG, construct "293") ; 
'Cvi'). (the apj3(Ac3c) construct, coinjected with LCR a,, 

20 which '..comprises the human )3-globin gene under the 

controcl of • the human oi-globin promoter and a separate 
'nucleic acid fragment comprising the human a-globin ^ 
:gene under, its own promoter (Figure IH) ; (vii) the apl3 
cJOnstruct carrying a mutation that results in a 

26 cysteine residue (rather than a threonine residue) at 
-amina acid number 134 of a-globin protein (Figure II) ; 
(viii) the ap/3 construct carrying a mutation that 
results in a serine residue (rather than a cysteine 
residue) at amino acid number 104 of the a-globin- . 

30 protein, an alanine residue (rather than a cystei-ne 
.residue) at amino acid number 93 of the j3-globin 
protein and a valine residue (rather than a cysteine 
residue) at amino acid number 112 of the /3-globin 
protein (Figure IJ) ; (ix) the apS construct, which 

3^5 comprises the human adult a-globin promoter under its 
own promoter and the human 5-globin gene under the 
control of the human adult a-globin promoter (Fig. 
IK); (X) Construct apS (Aa) coinjected with LCR a, 
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which comprises the human J-giobin gene under trhe 
cbhtrol of the human a-globih promoter and a separate" 
riiicleic acid fragment comprising the human ct-globin 
5 gene under' its own promoter (Fig. IL) ; (xi) Construct 
LCR a coinjected with LCR e^, which comprises the 
htiman Qc-globin gene under the control <Df its own 
promoter and a separate nucleic acid fragment 
Comprising the human embryonic e-globin gene and the 

i5 adult /8-globin gene under the control of their own 

promoters (Fig, IM) ; (xii) the ap/3 construct carrying 
a liiutation that results in a methionine residue 
(rather than a lysine residue) at amino acid number 61 
of ■ the a-globin protein (Fig, IN) ; (xiii) the ed^ - 
dbnstruct; which comprises the human embryonic? -6psi Ion 
g4ne; the human adult alpha globin gene and the! huttian 
kdUlt beta globin gene linked in tandem from 5^-^ to 3' 
(Pi§V 10);- (xiv) the ae/3 construct, which comprises 
the human adult alpha-globin gene, the human embryonic 

20 epsilon globin gene and the human adult beta globin 
gene- linked in tandem from 5'- to 3 ' (Fig. IP) ; (xv) 
the aae;3 construct, which comprises two copies of the 
human adult alpha-globin gene, the human embryonic 
efii^ilon globin gene and the human adult beta-globin- 

2s gene linked in tandem from 5'^ to 3* (Fig. IQ) ; (xvi) 
thfe a€ (P*/3p) )3 construct, which comprises the human- ■ ^ 
adult alpha-globin gene, the human embryonic epsilon 
globin gene and' the human adult beta globin gene under 
the control of the endogenous porcine adult beta - 

30 globin promoter all linked in tandem from 5'- to 3' 
tFig. IR) ; (xvii) the apl3 construct carrying a-' 
mutation that results in a cysteine residue (rather 
than an aspartic acid residue) at amino acid number 75 
of the Qf-globin protein (Fig. IS) ; (xviii) the ap(3 

35 construct carrying a mutation that results in an 

arginine residue (rather than a tyrosine residue) at 
amino acid number 42 at the or-globin protein (Fig. 
IT) ; (xvix) the LCR eSaa construct, which comprises 
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the human embryonic epsilon -globin gene, the human 
adult beta globin gene and two copies of the human 
adult alpha-globin gene linked in tandem ^frorn 5 ' - to 
5 3' (Fig. lU) ; (xx) the LCR el3a construct, which 

comprises the human embryonic epsilon gTobin gene, the 
human adult beta globin gene and the human adult 
alpha-globin gene linked in tandem from 5*- to 3' 
(Fig, IV) ; (xxi) the ctp/3 construct carrying a mutation 
that results in a lysine residue (rather than a 
tyrosine residue) at amino acid number 42 of the a- 
globin protein (Fig. IW) ; (xxii)*the ap0 construct 
carrying a mutation that results in an arginine 
residue (rather than a tyrosine residue) a^t amino acid 
number 42 at the a-globin protein and a' glutamic acid 
residue (rather than an aspartic acid residue) at 
amino acid number 99 of the )3-globih protein (Fig, 
lX);'(xxiii) the ap^S construct carrying a mutation 
that results in a lysine residue ^ (rather than a 

20 tyrosine residue) at amino acid nuirib^r 42 of the q- 
globin protein and a glutamic acid residue (rather 
than an aspartic acid residue) at amino acid number 99 
of the )3-giobin protein (Fig. lY) ; and = (xxiv) the 
aP*€ (P*/3p) jS construct comprising the pig" epsilon globin 

25 gene and beta globin control region (constructs 426 
and 42 7 , Figure 14 ) . 

In transgenic pigs expressing human 
hemoglobin three types of hemoglobin dimers are 
detectable: pig a/pig 0, human a/human jS, and hybrid 

30 human a/pig /3. In certain embodiments of the 

invention, it may be desirable to decrease the amount 
of hybrid hemoglobin. Accordingly, -the molecular 
basis for the formation of hybrid hemoglobin has been 
investigated using molecular modeling studies. Based 

35 on the information derived from these studies, the 

human alpha and beta globin structures can be modified 
to increase the level of human a/human (S dimers (See 
Section 11.), so that in further embodiments of the 
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invention^ cons-tiructs comprising the ap0 sequence may 
be modified "to code for a or globin proteins 
carrying amino acid changes that will lead to 
5" increases in the level of human a/human 13 hemoglobin 
dimers in^ transgenic pigs. The present invention, 
provides f^or constructs which encode human a globin 
and human )3 globin carrying one or more of the 
fol'lowing' mutations in the a globin molecule: (1) a 
10= Thr at position 30 instead of Glu'; (ii) a Tyr at 

position 36 Instead of Phe; (iii) a Phe instead of Leu 
at' position^ 106; (iv) a Ser or Cys instead of Val at ' 
position 107; and/or (v) a Cys instead of Ala at 
position 111. In specific embodiments, the construct 
15 carrying- such mutation (s) is the api3 construct.^ The 
present invention, in further embodiments, provides 
for constructs which encode human or globin and human 0 
globin. carrying one or more of the following mutations 
in the iS. globin molecule: (1) a Leu instead of Val at 
20" position' 33; (ii) a Val or lie instead of Cys at 
position 112; (iii) a Val or Leu instead of Ala at 
position- at position 115; (iv) a His instead of Gly at 
position 119; (v) a Met instead of Pro at position 
125;r (vi)' an lie instead of Ala at position 128; 
>5- and/or (vii) - a Glu instead of Gin at position 131; 
and/or (viii) a Glu instead of Gin at position 131; 
In. specif ic embodiments, the construct carrying the 
mutation(s) is the ap/3 construct. 

In further embodiments it may be desirable 
10 to include, in constructs, the untranslated 3' end of 
the pig beta globin gene as contained in plasmid 
pPig3»j3 (Figure 16) as deposited with the ATCC and 
assigned accession number 75372. (see, for example, 
construct 354 in Figure 12 and Figures 426 and 427 in 
(5^ Figure 14). Such constructs may also be useful in the 
expression of non-globin protein in pig erythrocytes. 

In further embodiments, the pig beta globin 
control region depicted in Figures S and 9 may be used 
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in constructs that encode non-glofcin proteins for the 
expression of said proteins in transgenic pig or other 
non-human erythrocytes. 
5 The recombinant nucleic acid constructs 

described above may be inserted into any, suitable 
plasmid, bacteriophage, or viral vectoi* for ■ 
amplification, and may thereby be propagated using 
methods known in the art, such as those described^ in 

10 Maniatis et al., 1989, Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor, N.Y. In the working 
examples presented below, the pUC vector (Yanish- 
Perron et al-,-1985. Gene 103-119) was utilised. 

The present invention further- provides for 

25 isolated and purified nucleic acids coipprising the^pig 
adult beta globin promoter regulatory region;^ the-Lpig 
3 • beta globin region, and the pig eps i Ion globih?^; gene 
as comprised, respectively, in plasmids^ ;c 
pgem5/Pig/3pr (K) (ATCC accession no. 75371 ) ^ ppig3 »)Sc^ 

20 (ATCC accession no, 75372), and pSaf /pige (k) .^{ATGC- 
accession no. 75373), respectively. - 
Constructs may desirably be - linearized for 
preparation of transgenic pigs. Vector sequence may 
desirably be removed. ; 

25 

5,2. PREPARATION OF TRANSGENIC PIGS . - - 
The recombinant constructs described above 
may be used to produce a transgenic pig by any method 
known in the art, including but not limited: to, 

30 microinjection, embryonic stem (ES) cell manipulation, 
electroporation , cell gun, transf ection , transduction, 
retroviral infection, etc. Species of constructs may 
be introduced individually or in groups of two or more 
types of construct. 

35 According to a preferred specific embodiment 

of the invention, a transgenic pig may be produced, by 
the methods as set forrh in Example Section 6, infra . 
Briefly, estrus may be synchronized in sexually mature 
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gilts {>7 months of age,) JD.y feeding an -orally i active 
progestogen (allyl trenbolone, AT: ,3.5 , mg/gilt/day) f or 
12 to 14 days. On tJie last day , of AT f eeKiing. all 
5 gilts may be given an intramuscular in jection (IW) ;of 
prostaglandin F,^ (Lutalyse: 10 mg/injectionj at 0800 
and 1600 hours. Twenty-four hours af t£r thB. last day 
of, AT consumption all donor gilts may be ;administered 
a single IM injection of pregnant: mare .(Serum 
xo gonadotropin (PMSG: 1500 lU) . - Human chorionic 

gonadotropin (HCG: 750 lU) may be: admii^istered* to all 
donors at 80 hours after PMSG- 

.. . Following AT withdrawal, donor, and recipient 

gilts may be checked twice daily- for signs of. estrus.. . 

15 using a mature boar. Donors;- which' exiiit>ited estrus 
within 36 hours following HCG administration may be 
bred at 12. and 24 hours after the: onset of estrus 
using artificial and natural. (respectively) - 
Insemination. , ^ ^- c 

20 Between 59 and 66 hours . ajf ter, the 

administration of HCG one- and twoTcell; ova- may be 
surgically recovered from bred donors using the 
following procedure - General anesthesia may be 
induced by administering 0 .5 : mg of ac.epromazine/kg of 

25 bodyweight and 1.3 mg ketamine/kg of : bodyweight via a 
peripheral ear vein. Following, anesthetization , the 
reproductive tract may be exteriorized following a 
mid-ventral laparotomy. A drawn glass;, cannula (O.D. 5 
mm, length 8 cm) may be inserted into the ostium of 

30 the oviduct and anchored to^ the infundibuium using a 
single silk (2-0) suture. Ovawmay be flushed in 
retrograde fashion by inserting- a 20 g needle into the 
lumen of the oviduct 2 cm anterior to the uterotubal 
junction. Sterile Dulbecco's phosphate buff ered 

35 saline (PBS) supplemented with 0.4% bovine serum 
albumin (BSA) may be infused into the oviduct and 
flushed toward the glass cannula. The medium may be 
collected into sterile 17 x 100 mm. polystyrene tubes. 
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Flushings may be transferred to , 10 x 60 miii petri 
dishes and searched at . lower power (50 x) using a Wild 
M3 stereomicroscope . All one- and two-cell ova may be 
5 washed twice in Brinster's Modified Ova Culture-3 
medium (BMOC-3) supplemented/ with 1.5% BSA and 
transferred to 50 ^1 drops of BMOC-3 medium under oil. 
Ova may be stored at 35.''C .under a 90% N^, 5% O2, 5% CO2 
atmosphere until microinjection is performed. 

One- and ,twoTceIl, ova may be placed- in a 
Eppendorf tube ( 15 ova per tube) containing 1 ml HEPES 
Medium supplemented with 1.5%, BSA and centrifuged for 
6 minutes at 1.4000 x. g in order to visualize pronuclei 
-in. one-cell and nuclei in two-ceil ova. Ova may then 

xs transferred ta a 5 - LO ^1 drop of HEPES medium 

under oil on a depression- slide . Microinjection may 
be performed using a Laborlux microscope with 
Nomarski optics and two Le.itz micromanipulators. 10- 
1700 copies of construct DNA (linearized at a 

20 concentration of about Ing/^l of Tris-EDTA buffer) may 
be injected into one; pronuolei in one-cell ova or both 
nuclei in two-cell ova. 

Microinjected, ova, may be returned to 
microdrops of BMOC-3 medium undersoil and maintained 

2-5 at 38 °C under, a 90% N^, 5% GO,, 5% O^ atmosphere prior 
to their transfer to suitable recipients. Ova may 
preferably be transferred, within 10 hours of recovery. 

Only recipients which exhibit estrus on the 
same day or 24. hours^ later than the donors may 

30 preferably be utilized for embryo transfer. 

Recipients may be anesthetized as described earlier. 
Following exteriorization of one oviduct, at least 30 
injected one-and/or two-cell ova and 4-6 control ova 
may be transferred in the following manner. The 

35 tubing from a 21 g x 3/4 butterfly infusion set may be 
connected to a 1 cc syringe. The ova and one to two 
mis of BMOC-3 medium may be aspirated into the tubing. 
The tubing may then be fed through the ostium of the 
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oviduct until the tip reaches the lower third, or. , 
isthmus of the oviduct. The ova may be subsequently - 
expel'led as the tubing is slowly withdrawn. . 
5, . The exposed portion of the reproductive 

tract may be bathed in a sterile 10% glycerol-O . 9% 
saline solution and returned to the body cavity; ; Ttie 
connective tissue encompassing the linea alba,, the fat 
and the skin may be sutured as 1:hree separate layers. 

j-O An uninterrupted Halstead stitch may be used :to,fC3,ose 
the lina alba. The fat and skin may be closed using a 
simple continuous and mattress stitch, respectively. 
A^±.opical antibacterial agent (e.g. Furazolidone) -may 
then be administered to the -incision area , 

iics Recipients may be penned in groups ~of , about 

four and fed 1.8 kg of a standard 16% crude protein 
com^soybean pelleted ration. Beginning on day ,18 
(day 0 = onset of estrus) , all recipients may be 
checked daily for signs of estrus using a mature boar. 

2Q On day 35, pregnancy detection may be performed using 
ultrasound. On day 107 of gestation: recipients may be 
transferred to the farrowing suite. In order to 
ensure attendance at farrowing time, farrowing may be 
induced by the administration of prostaglandin F2, (10 

25 mg/injection) at 0800 and 1400 hours on day 112 of 
gestation. In all cases, recipients- may be expected 
to farrow within 34 hours following . PGF2a 
administration. 

Twenty-four hours after birth, all piglets 

30 may be processed, i.e. ears notched, needle teeth 
clipped, 1 cc of iron dextran administered, etc . A 
tail biopsy and blood may also be obtained from each 
pig. 

Pigs produced according to this method are 
35 described in Example Section 6, infra , - and are 

depicted in Figure 2. Such pigs are healthy, do not 
appear to be anemic, and appear to grow at a rate 
comparable to that of their non-transgenic 
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littermates . Such pigs may rransmit the r.rransgene to 
their offspring. 

Pigs having certain characteristics may be 
5 especially useful for the product-ion of human 
hemoglobin; such pigs, examples af wt)icb follow, 
represent preferred, non-limiting, specific 
embodiments of the invention.. 

According to one ^pre-f erred .-specif ic 
10 embodiment of the invention, a transgenic pig contains 
at least twenty copies of a globin transgene. 

According to a second preferred specific 
embodiment, the P^^ of whole blood of a transgenic pig 
according to the invention is increased by at least 
15 ten percent over the P50 of the , whole blood of a 
comparable non-transgenic Rig, taking into 
consideration factors such as altitude, oxygen 
concentrations, pregnancy, 1 the presence of mutant 
hemoglobin, etc. Thus, the pri^stent ir»vention provides 
20 for a non-pregnant transgenic- pig that carries and 

expresses a human globin transgene in which the P^^^ of 
whole blood of the transgenic pig is at least ten 
percent greater than the Pso of -whole blood of a 
comparable non-pregnant non-transgenic pig at the same 
25 altitude. 

In other preferred specif ic embodiments, the 
present invention provides for a transgenic pig in 
which the amount of human globin produced relative to 
total hemoglobin is at least two percent, more 
30 preferably at least five percent, and most preferably 
at least ten percent- 
Section 6, infra , describes transgenic pigs 
which serve as working examples of preferred, non- 
limiting, specific examples of tihe invention. 



5.3. PREPARATION OF HUMAN HEMOGLOBIN AND 
ITS SEPARATION FROM PIG HEMOGLOBIN 
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The. ^present, rinyent ion jprovides for a method 
for producing humarf hemdglbbin comprising introducing 
a transgene or transgenefe --encodihg huihan hemoglobin, 
5 such as a human alpha- globin -and a human beta globin 
gene, under the 'control of a suitable promoter or 
promoters, into the genetic material of a pig so as to 
create a transgenic pig that expresses human 
hemoglobin in at' least ^S'oitie of its blood cells. 

xo The present invention also provides for a 

method of producing htimart' hemoglobin comprising (i) 
introducing a human alpha gl6bin and a human beta 
globin gene, under- the 'cohtrol of a suitable promoter 
or promoters, into the genetic material of a pig so as 

25 to create a transgenic pig that expresses human 

hemoglobin irf at 'least soii^e ^of -its red blood cells; 
(i-i)' collecting red bldbd 'cells from the transgenic 
pig; (iii) releasing the* contents of the collected red 
blood cells to form' a ly^ate; (iv) subjecting the 

20 lysate of the red blood cells to a purification 
procedure that substiantially separates human 
hemoglobin ^from pig hemoglobin; and (v) collecting the 
fractions that contialh purified human hemoglobin. 
Such fractions may be ideritified by isoelectric 

25 focusing in parallel with appr'opriate standards. In a 
preferred embodiment of the invention, human 
hemoglobin may be separated from pig hemoglobin by 
DEAE anion exchange column chromatography. 

In order to prepare human hemoglobin from 

30 the transgenic pigs described above, red blood cells 
are obtained from the pig using any method known in 
the art. The red blood cells are then lysed using any 
method, including hemolysis in a hypotonic solution 
such as distilled water, or using techniques as 

35 described in 1981, Methods in Enzymology Vol. 76, 
and/or tangential flow filtration. 

For purposes of ascertaining whether human 
hemoglobin is being produced by a particular 
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transgenic pig, it may be useful to perform a small- 
scale electrophoretic analysis of the hemolysate, such 
as, for example^ isoelectric focusing using standard 
5 techniques.. 

Alternatively, or for larger scale 
purification, human hemoglobin may be separated from 
pig hemoglobin using ion exchange chromatography. 
Surprisingly > r.as discussed in Section 7, supra , human 
hemoglobin was observed to readily separate from pig 
hemoglobin using ion exchange chromatography whereas 
mouse, hemgglobin and human hemoglobin were not 
separable by such methods. Any ion exchange resin 
known in the art or. to be developed may be utilized, 

3^5 including, but not limited to, resins comprising 

diethylaminoethyl, Q-Sepharose, QCPI (I-B.F.) Zephyr, 
Spherodex^ ectiola, carboxymethy Icellulose , etc. 
previewed, that the resin results in a separation of 
human and pig hemoglobin comparable to that achieved 

j|0 using ,DEAE - resin. 

- ^ ... According to a specific, nonlimiting ,.. 
embodiment of the invention, in order to separate 
human, from ; pig hemoglobin (including human/pig 
hemoglobin hybrids) to produce substantially pure..,, 

^5 human hemoglobin, a hemolysate of transgenic pig red 
blood-cells, prepared as above may be applied to a 
PEAE anion exchange column equilibrated with 0.2 M 
glycine buffer at Ph 7.8 and washed with 0.2 M glycine 
Ph 7,8/5 Mm NaCi, and may then be eluted with a 5-30 

30 Mm NaCl gradient, or its equivalent (see, for example, 
Section 9 infra ) . Surprisingly, despite about 85 
percent homology between human and pig globin chains, 
human and pig hemoglobin separates readily upon such 
treatment, with human hemoglobin eluting earlier than 

35 pig hemoglobin. Elution may be monitored by optical 
density at 405 nm and/or electrophoresis of aliquots 
taken from serial fractions. Pig hemoglobin, as well 
as tetrameric henoglobin composed of heterodimers 
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formed between pig and human globin chains, may be 
separated from human hemoglobin by this method. Human 
hemoglobin produced in a* transgenic pig and separated 
5 from pig hemoglobin by this method has an oxygen 
binding capability similar to that of native human 
hemoglobin . j : 

According to another specif ic, non-limiting 
embodiment of the invention, • human hemoglobin may be 
10 separated from pig hemoglobin -( including human/pig 
hemoglobin hybrids) using QCPl ion exchange resin as 
follows: 

About 10 mg of hemoglobin prepared from 
transgenic pig erythrocytes .may be diluted in 20ml of 

15 Buffer A (Buffer Ai f lOmM Tris 20mM Glycine Ph 7.5). 
This 20ml sample may then.- be: loaded at a flow rate of 
about 5ml/min onto a QCPI: column (10 ml) which has 
been equilibrated with Buffer, A. The column may then 
be washed with 2 volumes^ of Buffer. A, :„and then with 20 

2 0 column volumes of a O-5_0mM NaGi gradient (10 column 
volumes of Buffer A +.1-0 column .volumes of lOmM Tris, 
20mM Glycine, SOmM NaCl. Ph 7-5) or, alteratively , 6 
column volumes of IQmM Tri€<> '2.0mM Glycine, 15mM NaCl, 
pH 7.5, and the O.D.^jwi absorbing material may be 

25 collected in fractions! to yield the separated 

hemoglobin, human hemoglobin being identified, for 
example, by isoelectric, focusing using appropriate 
standards. The QCPI column- may be cleaned by elution 
with 2 column volumes of lOmM'Tris, 20mM Glycine, IM 

30 NaCl, pH 7.5. 

For certain mutant hemoglobins, it may be 
desirable to utilize a modified purification 
procedure. Accordingly, for the separation of Hb 
35 Presbyterian from pig Hb, a procedure as described in 
Example Section 12.1, infra . may be used, and for 
separation of Hb Yoshizuka, a procedure as described 
in Example Section 12.2, infra , may be used. 
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'■5.4r. . - PREPAR^a^TION OF HUMAN/PIG HYBRID HEMOGLOBIN 
0!!he ^prqsent invention also provides for 
essentially purified and isolated human/pig hybrid 
5 henoglobin, in particular human a/pig hybrid 
hemoglobin. Pig a/human. jJichybrid has not been 
observed to form either in vitro in reassociation 
experiments or in vivo in transgenic pigs- 

-^The present -invention provides for hybrid 
hemoglobin, and its .A4se as a blood substitute, and for 
a pharmaceutical composition comprising the 
essentially purified and isolated human/pig hemoglobin 
hybrid in a suitable pharmacological carrier. 

Hybrid .hemoglobin may be prepared from 
t2?ansgenic pigs ^. -^s , described herein, and then 
purified by chromatography, immunoprecipitation, or 
.any other method known to the skilled artisan- The 
use of -isoelectric focusing to, separate out hemoglobin 
.hybrid is shown i in 5;ig\ires 3 and 5. 

Alternatively^ hybrid hemoglobin may be 
"prepared using nucleic acid constructs that comprise 
both human and pig globin sequences which may then be 
expressed in any suitable microorganism, cell, or 
transgenic .animal . For example, a nucleic acid 

25 construct that comprises the human a and pig ^ globin 
genes under , the control of a suitable promoter may be 
expressed to result in hybrid hemoglobin- As a 
specific example, human o globin and pig jS globin 
genes, under the control of cytomegalovirus promoter, 

30 may be transfected into a mammalian cell such as a COS 
cell, and hybrid hemoglobin may be harvested from such 
cells. Alternatively, such constructs may be 
expressed in yeast or bacteria. 

It may be desirable to modify the hemoglobin 

35 hybrid so^ as to render it non-immunogenic , for 

example, by linkage with polyethylene glycol or by 
encapsulating the hemoglobin in a membrane, e.g. in a 
liposome. 
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6, EXAMPLE: GENERATION OF TRANSGENIC PIGS 

THAT PRODUCE HUMAN HEMOGLOBIN 

6.1. MATERIALS AND METHODS 

- ' &. 1 . I - ' NUCLEIC ACID CONSTRUCTS 

Constructs 116 (the construct) , 185 (the 

ap/3 construct) , 263 (the apS construct) 339, 293 and 

294 were microin jected into pig ova as set forth below 

in order to produce transgenic pigs, 

6.'i.'2'. PRODUCTION OF TRANSGENIC PIGS 
Es'trus was synchronized in sexually mature 
gilts '(>"7 months of age) by feeding an orally active 
progestogein (allyl- trenbolone, AT: 15 mg/gilt/day ) for 
12 to 14 d^ys, "On the last day of AT feeding all 
gilts received an intramuscular injection (IM) of 
prostaglandin Fj^ (Lutalyse: 10 mg/injection) at 0800 
and i.l600. , ,Tyenty-f our hours after the last day of AT 
consumption all donor gilts received a single IM 
injection of pregnant mare serum gonadotropin (PMSG: 
1500 ' lU) .'^HCrthan chorionic gonadotropin (HCG: 750 lU) 
was administered to all donors at 80 hours after PMSG, 
Following AT withdrawal, donor and recipient 
gilts were checked twice daily for signs of estrus 
using a mature boar. Donors which exhibited estrus 
within 36 hours following HCG administration were bred 
at 12 and 24 hours after the onset of estrus using 
artificial and natural (respectively) insemination. 

Between 59 and 66 hours after the 
administration of HCG, one- and two-cell ova were 
surgically recovered from bred donors using the 
following procedure. General anesthesia was induced 
by administering 0,5 mg of acepromazine/kg of 
bodyweight and 1.3 mg ketamine/kg of bodyweight via a 
peripheral ear vein. Following anesthetization, the 
reproductive tract was exteriorized following a mid- 
ventral laparotomy, A drawn glass cannula (CD. 5 mm, 
length 8 cm) was inserted into the ostium of the 
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oviduct and anchored to the infundibulum using a 
single silk (2-0) suture. ova were flushed in 
retrograde fashion by inserting a 20 g needle into the 
'5 lumen of the oviduct 2 cm anterior to the uterotubal 
ijunction. Sterile Dulbecco's phosphate buffered! 
saline (PBS) supplemented- with 0 . 4 % bovine ser,um 
albumin (BSA) was infused into the oviduct and flushed 
■toward the glass cannula. The medium was collected ' 
t^O linto sterile 17 x 100 mm polystyrene tubes. Flushings; 
were transferred to 10 x 60 mm petri dishes and 
searched at lower power (50 x]r using a Wild'M3 ' ; ' 
.stereomicr.oscope . All one- and two-cell ova were . , 
washed twice in Brinster^s Modified Ova Culture-3 ^- 
'medium (BMOC-3) supplemented with 1,5%/ BSA and o : 
■transferred to 50 /xl drops of BMOC-3 medium under pil-'. 
■Ova were srored at 38^C under a 90% Nj, 5% O^r 5%. 'CO2 ■ 
^atmosphere until microinjection was performed. \ 
One- and two-cell ova were placed in ah 
.-20 .Eppendorf tube (15 ova per tube) containing 1 ml -HEPES 
Medium supplemented with 1-5% BSA and centrifuged for 
6. minutes at 14000 x g in order to visualiz.e;pronuclfiX 
in one-cell and nuclei in two-cell ova. Ova were then 
transferred to a 5 -10 fil drop of HEPES medium under 
^5 oil on a depression slide. Microinjection was 

performed using a Laborlux microscope with Nomarski 
optics and two Leitz micromanipulators. 10-1700 
copies of construct DNA (Ing/^l of Tris-EDTA buffer) 
were injected into one pronuclei in one-cell ova or 
30 both nuclei in two-cell ova. 

Microin jected ova were returned to 
microdrops of BMOC-3 medium under oil and maintained 
at 38°C under a 90% N^, 5% CO3, 5% O3 atmosphere prior 
to their transfer to suitable recipients. Ova were 
35 transferred within 10 hours of recovery. 

Only recipients which exhibited estrus on 
the same day or 24 hours later than the donors were 
utilized for embryo transfer. Recipients were 
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anesthetized as described earlier. Following 
exteriorization of one oviduct, at least 30 injected 
one- and/or two-cell ova and 4-6 control ova were 
5 transferred in .the folJ.owing manner. The tubing from 
a 21 g X 3/4 butterfly; infusion set was connected to a 
1 cc syringe* The ova and one to two mis of BMOC-3 
medium were aspirated into the tubing. The tubing was 
then fed through the ostium of the oviduct until the 
10 tip reached the lower third or isthmus of the oviduct'. 
The ova were subsequently expelled as the rubing was 
slowly wilihdirawn. ' • - 

The, exposed .portion of the reproductive 
tract was bathed. in a sterile 10% glyceroi-0 , 9% saline 
15 solution and returned to the body cavity. The 

connective tissue, encompassing the linea alba, the fat 
and the skin j were sutured as three separate layers. 
An uninterrupted Ha Istead stitch was used to close the 
lina alba: The fat and skin were closed using a 
20 simple continuous- and mattress stitch, respectively . 
A topical antibacterial agent (Furazolidone) was then 
administered to the^ incision area. 

Recipients were penned in groups of four and 
fed 1.8 kg of a standard 16% crude protein corn- 
25 soybean pelleted ration. Beginning on day 18 (day 0 = 
onset of estrus) , all recipients were checked daily 
for signs of estrus using a mature boar. On day 35, 
pregnancy detection was performed using ultrasound. 
On day 107 of gestation recipients were transferred to 
30 the farrowing suite. In order to ensure attendance at 
farrowing time, farrowing was induced by the 
administration of prostaglandin (10 mg/ in jection) 
at 0800 and 1400 hours on day 112 of gestation. In 
all cases, recipients farrowed within 34 hours 
35 following PGF2a administration. 

Twenty-four hours after birtih, all piglets 
were processed, i.e. ears were notched, needle teeth 
clipped, 1 cc of iron dextran was administered, etc. 
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A tail biopsy and blood were also obtained from each 
pig, 

.5 6.2. RESULTS AND DISCUSSION 

Of 3566 injected 'ova, thirteen transgenic 
'pigs that expressed human hemoglobin were born, two of 
which died shortly after birth due to normal breeding- 
relate!d" incident's completely unrelated to the fact 

2^0 that they were transgenic pigs (Table I) . The 

remaining "^11 appeared to be healthy. A photograph of 
one transgenic pig is presented in Figure 2. Profiles 
of ttie' pigs and of the percent "authentic" and 
"hybrid'* human hemoglobin ("HB") produced are set 

.^S ^'ortih in Table II, infra . Total hemoglobin ^^as 

'calculated as t.he sum of human a(5 plus one-half of the 
human^i' pig /3 hybrid. Figure 3 presents the results 
of isoelectric focussing and triton acid urea gels of^ 
heindgldbin produced by three of these pigs (numbers 

20 12-1, 9-3, and 6-3) which demonstrate the expression 
of human alpha and beta globin in these animals. 
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TABLE I 

-^Efficiency of Transgenic Pig Production 
Human Hemoglobin Gene Construct (s) 



Total After 



15 



Parameter 


22 Trials 


Total Ova Collected 


8276 


Total # Fertilized 


7156 


Total # Injected 


3566 


# Injected Ova Transferred 


3566 


# Control Ova Transferred 


279 


# Recipients Used 


104 


# Pigs Born (Male, Female) 


208,332 


# Transgenic (Male, Female) 


8,5 (0.36).' 


# Expressing 


13 . ! 



' I 



^ Proportion of injected ova which developed into 
transgenic pigs (13 transgenics/3566 in jected ova). 
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TABLE II 
FOUKDERS 



5 


PIG 


GENDER 


TRANSGENE 
CONSTRUCT 


AUTHENTIC • 
HUMAN HB 


HYBRID 
HB 


TOTAL 
HUMAN 
HB 


COPY 
# 




6-3 


F 


116 


6.2% 


8.1% 


10.3% 


57 




9-3 


F 


116 


1.0% 


33,1% 


16.6% 


1 


10 


22-2 


M 


185 


<1% : ■ 


5,0% 


. 5.0% 


55 




33-7 


F 


185 


*died shortly after 


birth 


0.5 




38-1 


F 


185 


1.0% 


8,3% 


5.2% 


17 




38-3 


M 


,185 


4.7% 


17.2% 


. 13.2% 


22 


15 


38-4 


M 


185 


3.2% 


7.0% 


6,7% 


5 




47-3 


M 


263 


<1% 


2.9% 


2 . 0% 


4-6 




47-4 


F 


263 


<1% 


- 18.5% 


10.0% 


1-2 




52-3 


M 


263 


<1% 


7 , 6% 


4.0% 






52-7 


M 


263 


<1% 


26.4% 


13 . 0% 




20 


53-11 


M 


263 


<1% 


15,5% 


8.0% 






70-3 


F 


339 


23 


31 


38 


3 
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15 



2 0 



■ Table III presents the profiles of offspring 

of pig number 9-3, which shows that the Fl generation 
ofi transgenic pigs are capable of expressing 
hemogtLobin, Of note, none of the offspring of pig 
notnber 6-3 were found to be transgenic, possibly due 
to th^ absence of transgene in the animal's 
reproductive tissue. 

' I ^ Table IV presents hemoglobin expression data 

oe* of f spring of pig 38-4. carrying the "185" construct 
(the ■7"apj8" construct; see Figure IB) . Table V 
pt'ifesents' a summary of the profiles of offspring of pig 
number 38-4 in which a large percentage (37.1%) of' 
offspring were positive for expression of human 
hemog*lobin indicating germ line transmission of the 
transcfene. Figure 19 presents the results of 
isoelectric focussing which demonstrates the levels of 
^^kogiobin expression in representative transgene : 
positive 38-4 offspring. 
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The birth weights .of the transgenic pigs 
have been approximately equivalent :to the birth 
weights of their non-transgenic littermates As the 
5 transgenic pigs matured, their ; weights remained 
comparable to the weights of control animals . 

7, EXAMPLE: SEPARATION OF HUMAN HEMOGLOBIN 

FROM PIG HEMOGLOBTN BY DEAE CHROMATOGRAPHY 



10 



15 



20 



25 



30 



35 



7.1. MATERIALS AND MCTHODS 
7.1.1- PURIFICATION BY' DEAE CHROMATOGRAPHY 
For purification,' red blood cells were 
collected by ceritr if ugation of 5000 rpm for 3 minutes 
in an eppendorf microcfentrif ug'e and' washed three times 
with an equal volume (original blood) of 0,9% NaCl. 
Red cells were lysed with 'i . 5 Volumes deionized HjO, 
centrifuged at 15,000 rpm, and the supernatant was 
fractionated by anion exchange chromatography . DEAE 
cellulose chromatography (DE-SE manufactured by 
Whatman, Ltd.) was performed according to W. A. 
Schroeder and T. H. J. Huisman "The Chromatography of 
Hemoglobin", Dekker, New York, pp. 74-77. The 0.25 ml 
red cell hemolysate described; above was applied to 1 
cm X 7 cm DE-52. column :prer:eq.uilibrated in 0.2 M 
glycine Ph 7.8 and "Was washed with 5. column volumes of 
0.2 M glycine Ph 7.8/5 Mm NaCl, Hemoglobins were 
eluted with a 200 ml 5-30 raM NaCl/0,2 M glycine pH 7.8 
gradient. To complete elution of pig hemoglobin, an 
additional 50 to 100 ml of 30 raM CaCl/glycine pH 7.8 
was added to the column. Elution of hemoglobin was 
monitored by absorbance of .415 mM and by lEF analysis 
of column fractions. 

7.1.2. REASSOCIATION OF GLOBIN CHAINS 

Reassociation of giobin chains was performed 
essentially as described in Methods in Enzymol. 
76:126-133. 25 lambda of pig blood, 25 lambda of 
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human bloody or a 25 iambda mixrure of 12.5 lambda 
human blood, and 1 12 5 ^ lambda pig blood were treated as 
follows. The -bipod: was, p^J-leted. at a setting of 5 on 
microfuge for 2 minutes, -.then^ washed three times with 
5 100 lambda 0 . 9 percent , NaGl, The cells were lysed 

with 50 lambda H2Q, theji: spun ^t high speed to conf irm 
lysis. 50 -lambda of _the- lysed cells was then combined 
with 50 lambdac. 0^ 2 „M Acetate, pH 4.5, put on ice 
and then incubated , in, a Gold room overnight. After 

10 adding 1.9 ml 0 .1 M ^aH3P044 pH 7 , 4 each sample was 
spun ini centricon tubes at 4°C and 5K until about 0.5 
ml remained. Then .1 ml of ;0.l M NaH3P04 pH 7 . 4 was 
added and spun through at ^ about 5K until about 0.2 ml 
volume, ,Vs^as left . .-The- hemqglobin was then washed from 

15 the walls of the qentriqion tube^ .an eppendorf adaptor 
was attached , and -a table: top microfuge was used to 
remove each sample, if rom- its ^ centricon tube. The 
samples were then ^analyzed by isoelectric focusing.. 



25 



30 



35 



20 . 7.2. RESULTS AND DISCUSSION 

7 . 2 . 1 4 : HUMAN AND PIG HEMOGLOBIN WERE SEPARATED 
FROM A HEMOLYZED MIXTURE OF HUMAN AND 
" ' pre ' BLOOD ^ 

" Ei3ual' ibirbportions' Of human and of pig blood 

were mixed and lysed, and the resulting hemolysate was 

subjected' to ' DEAE chromatography as described supra . 

As shown in Figure 4A, pig hemoglobin separated 

virtually completely from human hemoglobin. This 

complete separation is surprising in light of the 

structural similarity between human and pig 

hemoglobin; pig and human alpha globin chains are 84.4 

percent homologous and pig and human beta globin 

chains are 84.9 percent homologous. It is further 

surprising because, as shown in Figure 4C, when human 

and mouse blood was mixed, hemolyzed, applied to and 

eluted from a DEAE column according to methods set 

forth in Section 7.1.1., supra , human and mouse 
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hemoglaJDin /vere not observed to separate despite the 
fact that jinouse and human alpha globin chains are 
about 85,8 percent homologous and mouse and human beta 
, globin chains are 80.1 percent homologous. The ease of 
5 separation of human and pig hemoglobin on DEAE resin 
appears to be both efficient and economical. 

; , Interestingly, the order of elution of the 

pifoteins ,from the anion exchange column was not as 
_expected.^ , Based on the relative pi's of the proteins 
10 , as deduced from the lEF gels, the predicted order of 
.elution would be first the hybrid (human a/pig /3) 
^.f pllow^ci^ by, the authentic human a/human j3. The last 
protein^ to elute from the anion exchange column then 
.woujd he. the endogenous pig a/pig ^ protein. However, 
15 undej; all the conditions currently attempted the order 
of elution. was altered such that the human hemoglobin 
was the first to elute. The second peak was an 
enriched fraction of the hybrid followed very closely 
,.by the pig hemoglobin, 

20 

-j.. .7,2,2. HUMAN AND PIG HEMOGLOBIN AND HUMAN/PIG 

HETEROLOGOUS HEMOGLOBIN WERE SEPARATED 

FROM HEMOLYSATE PREPARED FROM A - 

TRANSGENIC PIG 

,.(.,.. II.-. 

... ^ , Blood from transgenic pig 6-3 (as described 

'25 in Section 6, supra ) was lysed by hypotonic swelling 
and the resulting hemolysate was subjected to DEAE 
chromatography as described supra . As shown in Figure 
4B, human hemoglobin was separated from pig hemoglobin 
and from human a globin/pig beta globin heterologous 
30 hemoglobin. As shown in Figure 4D, human hemoglobin 
was substantially purified by this method. 

PIG ALPHA GLOBIN/HUMAN BETA GLOBIN 
HETEROLOGOUS HEMOGLOBIN DOES NOT 
APPEAR TO FORM BASED ON REASSOCIATION 
DATA 



7.2.3 
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: Hetero-logpus association- between pig alpha 
globin and human beta globin chains has not been 
detected in hemolysates obtained from human 
hemoglobin-expressing transgenic pigs. It was 
-5 possible, however, that this observation could be 
explained by relatively low levels of human beta 
globin expression. Alternatively, association between 
pig alpha globin and human beta globin may be 
chemically unfavorable. In order to explore this 

10 possibility, reassociation experiments were performed 
in which pig and human hemoglobin were mixed, 
dissociated, and then the globin chains were allowed 
to reassociate. As shown in the isoelectric focusing 
gels depicted in Figure 5, although pig a/pig jS, human 

IS a/human /S, and human a/pig 0 association was observed, 
no association between pig a globin and human 0 globin 
appeared to have occurred. Therefore the pig a/human 
iS heterologous hemoglobin should not be expected to 
complicate the purification of human hemoglobin from 

20 transgenic pigs. 

8- EXAMPLE: SEPARATION OF HUMAN 
HEMOGLOBIN FROM PIG HEMOGLOBIN 
BY OCPI GHROMATOGRAPHY 

8.1. MATERIALS- AND METHODS 

Clarified .hemolysate from transgenic pig 6-3 
13mg/ml; Buffer A: .lOmM Tris, 20mM Glycine pH 7,5; 
Buffer B: lOmM Trisv 20mM Glycine,. 15 mM NaCl pH 7.5; 
Buffer C: lOmM Tris, 2 OmM Glycine, IM. NaCl pH 7,5; 
Buffer D: lOmM Tris, 20mM Glycine, 50 mM NaCl pH 7.5; 

30 

QCPI column 10ml Equilibrated in Buffer A; Trio 
purification system. lOmg of hemoglobin prepared from 
transgenic pig 6-3 was diluted in 20ml Buffer A. 20ml 
of sample was loaded at a flow rate of 5nil/min onto 
the QCPI column, and washed with 2 column volumes of 
Buffer A. The column was then washed with 20 column 
volumes of a 0-50mM NaCl gradient. (10 column volumes 
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Buf'fer A' + 10 ■ column volumes of Buffer D) and the 
0. 0.280 absorbing m'aterial was collected. The column 
was then cleaned with 2 column volumes of Buffer C, ' 
and then r«-equilibrated with 2 column volumes of 
5 Buffer A i-^- ^ 

■ ' ' 8,2 RESULTS 
'•Analysis 'Of the UV trace (peak vs. volume of 
gradient) '••(Fig'J 6) revealed that the human hemoglobin 

10 was eLuted at 15 mM^NaCI. Subsequent purifications 
have been -performed ' utilizing'the same protocol as 
above, only using '6 column volumes of Buffer B (15mM 
NaCl) to elute the human hemoglobin rather than the 
gradient. In addition; non-transgenic pig 

15 chromatographed by this method does not elute from the 
QCPI with Buffer B, while native human hemoglobin 
does. The protein that eluted at 15mM NaCl was 
analyzed on the Resolve isoelectric focussing system 
and found to be essentially pure of contaminating pig 

20 hemoglobin or hybrid hemoglobin. 

9. EXAMPLE: HUMAN ALPHA/PIG BETA GLOBIN 
HYBRID HEMOGLOBIN EXHIBIT INCREASED Pc . 

As shown in Tables II and III, supra , 

25 transgenic pigs of the invention were all found to 

produce significant amounts of human a/pig /? globin 

hybrid hemoglobin (the pig a/human hybrid was not 

observed) , Significantly, pigs that expressed higher 

percentages of hybrid also appeared to exhibit 

elevated P^^, values for their whole blood (Figure 7). 



10. EXAMPLE: ENHANCED EXPRESSION USING PIG 
BETA GLOBIN REGULATORY SEQUENCES 

The 339 construct (Figures IR and 12) 

containing the pig adult beta globin gene promoter 

region (Figure 8) , was used to prepare transgenic pigs 
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according to the method set forth in Section 6.1.2. 
supra . Figure 15 depicts an isoelectric focusing gel 
analysis of hemoglobin produced by pig 70-3; equal 
amounts of hemoglobin from transgenic pig 6-3, 
5 carrying the 116 construct (Figure lA) and human 

hemoglobin are run in adjacent lanes for comparison. 
As indicaJEed by the brighter bands observed in the 
lane containing pig 70-3 hemoglobin at positions 
corresifon^ing to human and hybrid hemoglobins 
10 (relatiA^ew to the lane containing pig 6-3; hemoglobin) , 
the amdiin^: of human hemoglobin produced by pig 70-3 is 
greateifi' than the amount produced by pig 6-3. It has 
been ca^lcSilated that 38 percent of the total 
hemoglobin produced by pig 7 0-3 is human hemoglobin, 
15 whereat ifB percent of total hemoglobin produced by pig 
6-3:^is^u»an hemog_lobin (see Table II and Section 6.2. 
supra . data and calculations) . This suggests that 

the^ig. beta globin promoter region is more efficient 
tha)n^ th>e human beta globin promoter in transgenic 
2 0 pigs. :V ^ 

'' In a separate series of experiments, two 
more transgenic pigs, expressing human hemoglobin, 
were otJtained using construct "339" (pigs 80-4 and 81- 
3) (FIG,.r7). Human hemoglobin levels in these 
25 transgenic pigs was determined by running isoelectric 
focussing- gels and densitometric scanning of the 
individual bands (FIG. 18). As indicated in Figure 
17, both pig 70-3 and pig 80-4 expressed high levels 
of authentic human hemoglobin. To obtain the copy 
30 number of transgenes, genomic DNA (isolated from the 
tail) was digested with EcoR I and a Southern Blot was 
performed. The probe used was a 427 bp Ncol/Bam HI 
fragment of human beta globin gene containing the 
first exon, first intron and part of the second exon. 

35 

11, EXAMPLE: MOLECULAR MODELING OF PIG 
HEMOGLOBIN AND THE a, /3, INTERFACE OF 
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IS 



20 



25 



30 



35 



A HYBRID BETWEEN PIG 3 AND HUNAN a GLOBIN 

It has been found that the amount of hybrid 
human a/pig /? hemoglobin often exceeds the amount of 
human hemoglobin. The molecular basis of, this 
observation has been investigated using molecular , , 
modeling and molecular biology. The model structure 
of the hybrid molecule is based on the, known ., 
structures of human hemoglobins and the structui^al . , 
homology between the human and pig structures (A.M. 
Lesk, 1991, Protein Architecture: A Practical 
Approach, Oxford University Press, N.Y.)- The pig and 
hybrid hemoglobin structures were modeled using the 
following four steps: (1) hydrog.en atoms were added 
to the X-ray model and their positions modified using 
energy minimization; (2) amino acid residue 
replacements were introduced to model . the, -(i^rget pig 
and hybrid structures (no chain alignment was . . 
necessary); (3) the side chain positions of these 
modified residues were energy minimized; and (4)^'the 
result was visually examined and found to be* sound. 
The modeled structures are shown in Figure- 20. 

Detailed examination of all the relevant '--^ 
contacts indicated striking differences at several 
residues. For example, at position.. ;3ll'2 the human 
hemoglobin has a cysteine residue but the hybrid has a 
valine residue. The valine is in apparent closer 
contact (arrow in FIG. 20) with the opposing subunit, 
and thus may be more effective in stabilizing the aj ^, 
interface (FIG. 21). 

The effect of amino acid substitutions at 
the Qj ^1 interface on -"the hydrophobic and polar 
interactions as predicted by HINT are shown in TABLE 
VI. HINT is software from Virginia Commonwealth 
University Licensed from Medical College of Virginia, 
Richmond, Virginia that: can analyze the positive and 
negative scores as determined by attractive and 
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repulsive interactions known from experimental 
physical chemistry measurements. TABLE VI represents 
the differences lirietween the urtmodified dimer and the 
one with the specified replacement. TABLE VII has the 
5 same foifmat as TABLE VI with the following two 

exceptions: (ly as each replacement is added/ the 
previous one (s) are kept, and (2) the reported 
dljff erence is a 'comparison betveen the current dimer 
and the one reflected in the preceding row. As the 

10 subsequen1:ial changed are made, the predicted 

attractive forces iit the interface increase. If each 
column is summed up the total difference between the 
unmodified dimer and the one with seven changes is 
dbtainedV The sums are +1340 for hydrophobic and +660 

liS for' pblWr . 
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TABLE VI 

Effect of amino acid replacements at the al/3l 
interface 

5 ^. . . r 
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12, EXAMPLE: EXPRESSION OF GENETICALLY 

MODIFIED HEMOGLOBINS IN TRANSGENIC ANIMALS 

Of the known human hemoglobin variants, 

about two dozen exhibit a lower oxygen affinity, which 

could be advantageous in clinical applications. While 

many of these mutants result in unstable hemoglobin 

molecules, several variants have desirable biochemical 

properties and can be used for the generation of blood 

substitutes using recombinant^ DNA technology. 

Transgenic pigs expressing two of these variants, Hb 

Presbyterian (108 Asn-*Lys, Fig. IG) and Hb Yoshizuka 

(108 Asn-Asp, Fig. IF) have been produced and 

purification and characterization of the expressed 

human globins is described below. 

12.1, PURIFICATION AND CHARACTERIZATION 

OF Hb PRESBYTERIAN 

The amino acid substitution generated in Hb 

Presbyterian {^108 Asn-*Lys) results in the comigration 

of Hb Presbyterian with the hybrid (hap/3) hemoglobin 

on isoelectric focussing gels. Based on previous 

results with the purification of human hemoglobin from 

hybrid and porcine hemoglobins and the more positive 

nature of the Hb Presbyterian it should be easier to 

purify this variant hemoglobin on an anion exchange 

resin. Approximately 500 ml of blood was obtained 

from the transgenic pig 57-10. The blood was washed 

several times with isotonic saline and then lysed by 

hypotonic swelling in water. The cell membranes were 

removed by centrif ugat ion at 10000 xg to yield a final 

hemoglobin concentration of about 100 mg/ml. Hb 

Presbyterian was purified from the hybrid and porcine 

hemoglobins as follows: 1-2,5 g of hemolysate was 

loaded onto an XK 50/30 column packed with 450 ml of 

Biorad Macroprep High Q resin equilibrated with 10 mM 

Tris-Cl and 20 mM Glycine at pH 8.1 (Buffer A). The 
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proteins were eluted at a flow rate of 10 ml/min with 
a linear salt gradient of 9-16% Buffer B (Buffer A 
contaijiing 250 mM NaCl) over 3000 ml, 

, ■ The initial peak was thought to be Hb 

5 Presbyterian followed by the co-elution of the hybrid 
^rtd'porcinW' hemoglobins (FIG. 20). To confirm the 
identity of the first peak as Hb Presbyterian and not 
the hybrid hemoglobin, a sample of the protein was run 
on Reversed Phase HPLC (FIG. 21) . The initial peak 

10 from the anion exchange column was Hb Presbyterian 
with thQ a-chains eluting at the same time as normal 
human a-chains and the j3-chains eluting slightly 
faster than normal human /3-chains. This was also 
found to be an excellent way of determining if porcine 

15 hemoglobin was contaminating the column fractions. 

Using this purification procedure and the analysis on 
HPLC the recombinant Hb Presbyterian derived from the 
transgenic pig 58-10 was judged to be greater than 95% 
pure, 

20 Purified Hb Presbyterian was dialyzed 

against 50 mM HEPES and 100 mM NaCl at pH 7.4 and 
oxygen equilibrium curves determined using a Hemox 
Analyzer (TCS Products, Southampton, PA). The Hemox 
Analyzer was modified to allow analog to digital data 

25 conversion for ease of oxygen binding calculations. 

Under these conditions the Hb Presbyterian had a P^q of 
25.8 mmHg (Hill Coefficient n=2.3) versus 13.3 mm Hg 
(n=2.9) for Hb A indicating that the Hb Presbyterian 
bound oxygen with lower affinity than native Hb. 

30 Preliminary results to determine the Bohr Effect 

(Influence of pH on the oxygen affinity) indicated a 
normal Bohr effect for Hb Presbyterian (FIG, 22). 
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12.2, PURIFICATION AND CHARACTERIZATION 
OF Hb YOSHIZUKA 

Blood samples taken front the transgenic pigs 
expressing Hb Yoshizuka (68-3 and 68-2) were treated 
5 essentially the same as described above.'" The final 
concentration of the hemolysate was -approximately 100 
mg/ml. The purification of the protein required a 
slightly different strategy, however.^ A-sample of 
hemolysate from 68-3 (about 10 mg) was loaded onto an 

10 HR 10/30 Biorad Macroprep High Q resin column 

equilibrated with 10 mM Tris-Cl and 20 tiiM Glycine at 
pH 8.7 (Buffer A). The hemoglobins were eluted at 2.5 
mis/rain with a 5-30% linear gradient of Buffer B 
(Buffer A plus 250 mM NaCl) over 500-ml (FIG. 23). 

15 Fractions were collected and analyzed by lEF to assess 
purity which was determined to -be about 75% i or better. 



13. DEPOSIT OF MICROORGANISMS 
The following plasmids were deposited with 
'20 the American Type Culture collection (ATCG), 12301 

Parklawn Drive, Rockville; Maryland 208 52 on December 

2, 1992. 

plasmid containing . accession no, 

psaf/pige(k) pige globin gene > 75371 

'tS pGem5/Pig)8pr (K) pig adult /3 globin 75372 

gene regulatory region 
pPig3'iS 3 ' end of pig 7537 3 

jS globin gene . 

30 Various publications are cited herein which 

are hereby incorporated by reference in their 
entirety. 
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WHAT IS CLAIMED IS: , . - • . - 

1. A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 

5 globin operably linked to promoter elements, where 
human hemoglobin is produced in at least some of the 
red cells of said pig and in which the nucleic acid 
construct is the 426 construct -^s depicted in Figure 

2. A transgenic pig: comprised, of .the DNA 
sequences encoding human a.lp]ia globin ^nd hrUman beta 
globin operably linked to rpromoter elements where 
human hemoglobin is produced /in at least some of the 

15 red cells of said pig and in wh.ich ,t;i>,e nucjieic acid, 
construct is the 427 construct as depicted in 
Figure 14, ; , , , , . : 

3 . A transgenic pig comprised, of the DNA 
20 sequences encoding human e^lpha globin .and human beta 
globin operably linked to ,pr9moter elements where 
human hemoglobin is produced in at least some of the 
red cells of said pig and in which,.. the, amount qf human 
globin produced relative tArt^^^^^-^ hemoglobin is at 
25 least twenty percent. 

4. A transgenic pig comprised of a DNA 
sequence comprising the pig adult . ^3' globin regulatory 
region as contained in plasmid pGem5/Pigj8pr (K) , 

30 deposited with the American Type Culture Collection 
and assigned accession number 75371, operably linked 
to a gene, in which the gene does not encode pig ^adult 
jS globin, where the gene is expressed in at least some 
of the red blood cells of said pig. 

35 

5. The transgenic pig of claim 4 in which 
the gene is human 13 globin. 
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6, - The tiransgerric , pig.of claim 4 in which 
the gene encodes a non-ngiobin- protein. 

7, A transgenic pig comprised of a DNA 

5 sequence comprising the i3' region of the pig adult (3 
globin gene, as contained in plasraid pPig3')3, 
deposited with the American -Type Culture Collection 
and assigned accession number 75372, operably linked 
to a gene, in which the gene is not pig adult )3 
10 globin, where the gene is expressed in at least some 
of the red blood cells: of - said pig. 

8. The transgenic .pig of claim 7 in which 
the gene is human j3 globin. / - . 

15 , . 

9. The transgenic pig of clair in which 
the gene encodes a non-globin protein. 



10. A purified and isolated nucleic acid 
20 comprising: the pig adult 0 globin regulatory region 
as comprised in plasmid pGemS/PigiSpr (K) , as deposited 
with the American Type Culture Collection and assigned 
accession number 75371. 



25 11. A purified and isolated nucleic acid 

comprising: the pig e globin gene as comprised in 
plasmid pSaf /pige (K) , as deposited with the American 
Type Culture Collection and assigned accession number 
75373. 

30 

12. A purified and isolated nucleic acid 
comprising: the 3* region of the pig adult 0 globin 
gene as comprised in plasmid pPig3*/3, as deposited 
with the American Type Culture Collection and assigned 
35 accession number 75372. 
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13 , A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
human hemoglobin is produced in at least some of the 
5 red cells of said pig and in which the nucleic acid 
encoding human alpha globin or human beta globin 
comprises a mutation which increases the level of 
authentic human/human dimer in the transgenic pig. 

10 14. The transgenic pig of claim 13 wherein 

the mutation in human alpha hemoglobin is selected 
from the following group of alpha-chain mutations: a 
Thr at position 30 instead of Glu; a Tyr at position 
36 instead of Phe; a Phe instead of Leu at position 

IS 106; a Ser or Cys instead of V^l at position 107; and 
a Cys instead of Ala at position 111, 

l^Si The transgenic pig of claim 13 wherein 
the mutatiojv-in human beta hemoglobin is selected from 

20 the following group of beta-chain mutations: a Leu 

instead of V.al at position 33; a lie instead of Cys at 
position ^ V^^ Leu instead of Ala at position 

115; a His ilhstead of Gly at position 119; a Met 
instead of Pro at position ' 128 ; and a Glu instead of 

25 Gin at posi'tion 131, 

16, The transgenic pig of claim 15 wherein 
the mutation in human beta hemoglobin is a Cys to Val 
change at position 112. 

30 

17. A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
human hemoglobin is produced in at least some of the 

35 red cells of said pig and in which the nucleic acid 
construct is the hemoglobin Presbyterian construct as 
depicted in Figure IG. 
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18. A method for purifying human 
Presbyterian Hemoglobin from a mixture of human 
hemoglobin, pig hemoglobin, and human/pig hybrid 
hemoglobin, comprising: 
5 (i) collecting red blood cells from a 

transgenic pig according to claim 
17; 

(ii) releasing the contents of the 
collected red blood cells to 

10 produce a lysate; 

(iii) applying the lysate of step (ii) 
to a High Q resin column 
equilibrated with 20 mM Tris-Cl 
and 20 mM Glycine at a pH 8.1; 

15 ^(iv) eluting the column, with a linear 

salt gradient of 9-16% in buffer 
containing lOraM Tris-Cl, 20mM 
Glycine, 250mM NaCl at pH 8.1; and 
(V) collecting the fractions that 

20 contain purified human 

Presbyterian Hb. 

19. A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 

25 globin operably linked to promoter elements where 

human hemoglobin is produced in at least some of the 
red cells of said pig and The transgenic pig of claim 
1 in which the nucleic acid construct is the 
hemoglobin Yoshizuka construct as depicted in Figure 

30 IF. 

20. A method for purifying human Yoshizuka 
Hemoglobin from a mixture of human hemoglobin, pig 
hemoglobin, and human/pig hybrid hemoglobin, 

35 comprising: 



PCT/US93/05629 

- 5 '^ - 

collecting red blood cells from a 
transgenic pig according to claim 
19; 

releasing the contents of the 
collected red blood cells to 
produce a lysate; 
applying the lysate of step (ii) 
to a High Q resin column 
equilibrated with lOmM Tris-Cl and 
20inM Glycine a^t a pH 8,7; 
eluting the column with a linear 
salt gradient of 5-30% in buffer 
containing lOmM Tris-Cl, 20mM 
Glycine, 250mM NaCl ,at pH 8,7; and 
collecting the fractions that 
coTitain purified human Yoshizuka 
HJ?- _ o 
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Adult pig globin promoter 



10 20 30 40 50 60 

CCCCAGCCCT TTTTCCAGGT CAGCGCAGGG AAAAAACATG TTCTCTGTCC CTGGTTATAC 

70 : 80 90 100 110 120 

TGTTTAGAAA CATCACCTCC CTCGGCGAAA CTAAAACTTG GGGGTTGCAA TTTATTCCTT 

130 140 , 150 . 160 170 180 

GCTTCTTTGT ATTTCGTACC ACATTGAGAG AGCTCTAGGT TTTCATCCGC AGATTCCCAA 

190 : 200 .V'210 220 230 240 

ACCTTCGCAG AGGACCTGTT TCACAGGACC GTGATTCAAG TTTACTCTAC TTTTCCATCA 

250 , 260 270 280 290 300 

TTTATTTGGT CATATGTTTA AATGAAGAAA GAAAGGAATG A AGATACC TG AATGAAATGA 

: 320 340 350 360 

GTATTTGTTT TCTTACCAGC AJGAC^.. ^^.^^TGAAG AGAAGAAAAA TACGCACATT 

370 380 ',390 400 410 420 

TAGGACTTGG GCAGAGGTTTJTATCCACGCT CTCCTTGTGG TTATTTCCCA TATTCAGAAG 

''^O 440 450 460 470 480 

GCGCGGGTGT GGATTCGTCT GTATGGTCCT AAATTGAACC ACAGTGGTCA AATCCCTCCA 

500 £i: 520 530 540 

CTTTCTGCTC CTT^GATTCT TCGTTTGTGT ACTAAGAAAA TGGGGAGGCA GTCTCTAAGA 

550 . 560 i\570 580 590 600 

GATTGCTACA GTGGCACTCA ACTCTAAAAG TTGTACAGAC TTGCTAAGGA GGATGAAATT 

610 620 630 640 650 660 

AGTAGCACTT TGCACTGTGA GGATGGACCT AGAGCTCCCC AGAGAAGGGC TGAAGGTCT 



670 630 690 700 710 720 

AAGTTGGTGC CAGGAACGTC TCGAAGACAG GTATACTGTC AACATTCAAG CCTCACCCTG 

730 740 750 760 770 780 

TGGAACCACG CCCTGGCCTG GGCCAATCTG CTCCCAGAAG CAGGGAGGGC AGGAGGCTGG 

790 800 810 b20^ 830 840 

GGGGGCATAA AAGGAAGAGC AGAGCCAGCA GCCACCTTVCA TTTGCTTCTG ACACAACCGT 

850 860 ,. 8.70 830 

GTTCACTAGC AACTGCACAA ACAGACAAc5[[t^TGCATCT GTCTGCTGA 



wo 93/25071 



3fr/52 



PCT/US93/05629 



1237 CCCCACACACTCTTCCAGATTAGTCCACCCACAAA CA CTT^GATGTCC^ CAC^^CC 



61 

n:5 



TC T TTAGA^JVCATCACCTC C:CTCCCCCAA-ACTAA.iu^CTTCCGGG—GCAAT^TATT/- 
TCCTATTTGACACCACTGA7TACCCCATTGA7ACTCACACT7TGCG TTGTA^CT^^ 



us CTTCCTTCTTTCTATTTCCTACCACATTCACAGACCTC7AG-~TTCA7C'-rrAr>TTrr 
U0< rrTATTTATTTGTATTTTTGACTGCATTAACACCTCTCTACTT-fTTTATCTCT^ 

1J3 CAAACC77CGCAGAGGAGCTGTTTCACAC G AC CG 7C A 77C;vAG 777 A C7CTAC^7^c 

1 < 6- CAAAACC7AA7A AGTAACTAA7CCACAG AGCACA77CA777C7A77rA7TC7A77TfrA 

•* *« 

2 3G CATCA7TTATTTCGTCATAYCTTTAJkATGAAGAAA 2 70 
13 2 3 GACA7AATTTATTAGCATGCA7GAGCAAJ;7TAAGAAA 15 59 

Matches - 176 Length - 277 Ma cches/ i engch = 63.5 percent 

IiinEIIII"^*'^"°^A"^<=ACTGAATACAAA"TCXACACAJ^GAAAAA TACCCAr i 

CGTAC AGTTTT CATCCATTCTGTCCTCTAACTATTT TCCATA^GCA^^^ 

*** * * ^^^^ ^ ^ 



302 
1629 



359 
1639 



1746 
^72 



532 
1365 



588 
1924 



CGACGATCAAArrAGTAGCACTTTCCACTGTCAGG ' A7CG ACC7AGAGCTCCCrAr Ar A 

CCAATTTGTACTGA TGGTATGGGGCCA.^GAGATATA7CT7AGAGGGAcSCTCACC^ 
♦ * * • • *«*« » ♦•»♦ 

64 6 ACCCC7GAAGGTCTGAAGTTGGTCCCACGAACC7CTCGAAGACAGGTATA CTCTCAArA 

1983 TGAAGTCCAACTCCTAAGCCAGTGCCAGAACAG C cX^SgaCACCTACGgSct^CA 

**** ^ 

705 "C'^GCCTCACCCTCTGGAACCACGCCCn'GGCCTCCGCCAATCrrGCTCCCAGAACrAGr 
2 04 1 CrTACACCTCACCCTGTGGAGCCACACCCTACCCrrGGCC^7^4^^ 

• • • « 

I", GACCCCACCAGCCTGGGC GCGCATAAAACGAAGACCACAGCCACCAGCCACCTACATTT 

2101 GACCGCAGCACCCACGGCTCGGCATAAAAGTCAGCGCACAGCCATCTArrCOTACATH- 

8 24 C^^^CACACAACCC7GTTCACTAGCAAC7CCACAAACACACAACATr'-TrriTr-rxr 
2 16 1 CCTrC7GACACAACTGTGTTCACTAGCAAC CTC^c:c:c2^CA7GG^^ 

• • . . 

35; 7CC7CA 389 TIT Q 

2219 TCC7CA 2 2 2 4 \ \ CiUJ.y\Ji^ 7, 
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Animal (Sex) ^ % Authentic Wuman Hb 

Expression ^^PV* 
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3 
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Hb: Hemoglcjin 
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^Purification of human hemoglobin valence intermediates by 
preparative immobilized pH gradients", pages 129-147, see entire 
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"Preparation pf human hemoglobin Ao for possible use as a blood 
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Thil iotODsbonai report hai not been otabltihed in retpect of ootain dairoi under Aitick 17(2Xa) for the fottowing rBUoas: 






1, rn CUiuuNof.: ^ 

became they relate to subject maOer not required to be searched by thia Authority, namely: 

- t , 1- •)*-. .._. , ^ . _ - - 






2. 1 1 CUimaNoi.: 

because they relate to parts of the intematioiial application that do not comply with the prescribed requiremenu to such 
an eiteot that no roeamngfiil international search can be carried out, tpecificaily: 






3. Q ClaimiNoa.: 

hccaiMff they aie drpcndci* daims and an not drafted in aooordanoe with the second and thini sentences of Rule 6.4(a). 
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This Ihfeemational Searching Authority found multiple nvcntaoni in this intcniational application, as follows: 
(Telephone PnoCioe) 
Please Sec Ertn Sh«xt. 






1. As aU required sddicional search fees wmtimdy paid by the applicant, th^ 
claims. 






^ As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment 
of any additional fee'. 






3. 1 1 As only sooMofthereqiiirBd additional search fees were timely paid by the applicant^ t^ 
only those claims for which fees were paid, specifically daims Nos.: 






4. [ I No required additional search fees were timely paid by the applicant Consequently, this international search report is 
restricted to the invention first mentioned in the claims; it is covered by claimi Not.: 
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BOX n. OBSERVATIONS WHERE UNITY OF INVENTION WAS LACKING 
This ISA ibund nuUtipk mvcotioni ai foUowi: 

I. CUimi 1-3 and 13-20, dnwn to traaigenic pifi and meciiods of maidng beniogk>bin, cUuified in 

ClaM SOO.^fubdatfl 2 and Ciasa 435. tubclaw 69.6. 

n. CUim 10, dnwn to a 5-giobin promocer. elaaiified in Class 536, subclass 24. 1 . 

m. Claim 11, dnwn to a pig epstlon gene, classified in Class 536, subclass 23.5. 

IV. Claim 12, dnwn to the 3*-non-coding r^n of the pig adult S-globin gene, classified in Class 24. 1 . 

The inventions are distinct, one from the other for the following reasons: 

The invention of gioup I is distinct firom the inventions of Groups II-IV because they are dnwn towards 
materially diflemit compositions. For example, the oompositioos of group I eomphse transgenic pigs whereas the 
oompoaitiona of the <Aber three groups are dnwn to nuckac acids. Further, the tnnsgenic compositions arc: 
cha n cterizcd in that they «q»«u human hemoglobin genes while the nucleic acid compositions of groups II-IV are 
derived fion/ porcine genes. 

The inventions of Groups II-IV arc distinct one from the other because they are dr^wn jnaterifUy different 
ekmenU of porcine micleio acid. For example, the nucleic acid of group I 

comprises the promoter region for the porcine ft-gk>bin gene, whereas the nucleic acid of Group' n comprises the 
structural gene for the porcine epsilon gene which is chemically unrristed to the A-globin locus. The invention of 
Group IV is directed towards k non-coding region of the porcine A-globin gene which does not mediate any physical 
processsudias tiBnscriptionaiKi is therefore distinct from the promoter region of Group Q. - _ 

In addition, the compositions of Groups II-IV may be used for materially difSsarcnt purposes other than the 
generation of trantgenio animals, such as the production of recombinant proteins in yitro. - Therefore, the four 
inventiotts listed above lack any special technical feature within the meaning of PCT Rule 13.2» Unking them so as to 
coorikute a uoilied invention. 



Form PCT/ISA/210 (cxtn sheetKJuly 1992)* 



